



Initial conditions for inflation
Nemanja Kaloper1,2, Matthew Kleban1, Albion Lawrence1,3,4,
Stephen Shenker1 and Leonard Susskind1
1Department of Physics, Stanford University, Stanford, CA 94305
2Department of Physics, University of California, Davis, CA 95616
3Brandeis University Physics Department, MS 057, POB 549110, Waltham, MA 02454†
4SLAC Theory Group, MS 81, 2575 Sand Hill Road, Menlo Park, CA 94025
Free scalar fields in de Sitter space have a one-parameter family of
states invariant under the de Sitter group, including the standard thermal
vacuum. We show that, except for the thermal vacuum, these states are
unphysical when gravitational interactions are included. We apply these
observations to the quantum state of the inflaton, and find that at best,
dramatic fine tuning is required for states other than the thermal vacuum
to lead to observable features in the CMBR anisotropy.
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1. Introduction
In inflationary cosmology, cosmic microwave background (CMB) data place a tanta-






Here MGUT is the “unification scale” in supersymmetric grand unified models, as predicted
by the running of the observed strong, weak and electromagnetic couplings above 1 TeV
in the minimal supersymmetric standard model. If this upper bound is close to the truth,
the vacuum energy can be measured directly with detectors sensitive to the polarization
of the CMBR.
In these scenarios, CMBR anisotropies are generated by quantum fluctuations of the
inflaton and graviton which “freeze” into classical perturbations at the inflationary Hubble
scale, H ∼ 1014GeV . These fluctuations are inflated to observable scales over the 65
e-foldings required to generate the observed homogeneity and isotropy of the CMBR.
Therefore, inflation acts as both accelerator and microscope, potentially to energies 11
orders of magnitude higher than those detectable by terrestrial accelerators.
To this end, a number of authors [1,2,3,4,5] have argued that high-scale physics can
lead to observable effects in the CMBR. Following this, four of the present authors [6]
undertook a systematic and general study of the effects on CMB observations of new physics
at a scaleM ≥ H. Our conclusions differed from some of the previous work. Assuming that
local, effective field theory applies at the scale H, we argued that short-distance effects were
encapsulated in irrelevant operators in the inflaton Lagrangian. Higher-derivative terms
lead to effects which are distinguishable from corrections to the effective potential, by
modifying a relationship (one of the inflationary “consistency conditions”[7]) between the
temperature and polarization anisotropies of the CMB.1 Locality and Lorentz invariance
imply that the effects are of order (H/M)2.
Unlike some of the previous work, the calculations in [6] assumed that the quantum
state of the inflaton and graviton at scales close to H was the standard thermal2 vacuum
1 This is not the only way to violate these consistency conditions; scenarios with multiple
scalar fields also lead to a violation [8,9,10,11,12]. However, as argued in [6], these deformations
require drastic fine tuning of both the potential energy functional and the initial conditions for
these fields.
2 The standard de Sitter vacuum is referred to variously as the thermal, adiabatic, and Bunch-
Davies vacuum; we will use thermal.
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of de Sitter space.3 The result is that our effects are smaller than those discussed in the
work cited above; in particular, in [1,4,5], the effects are of order H/M(the results of [3],
however, agree with [6]). For this reason, the results of [6] have been criticized as being
“too pessimistic” [13,14,15,16].4
Generic excitations above the thermal vacuum tend to inflate away – indeed, this is
part of the virtue of inflation. But as pointed out in [16], the quantum states advocated
by [1,4,5,13,14] as an initial state for inflation lie in a one-parameter family of de Sitter-
invariant states, constructed and described in [17,18,19,20]. (See [21] for a particularly
clear discussion of these states). These states, as we will describe below in detail, resemble
squeezed states or Bogoliubov rotations of the standard, thermal vacuum. Relative to this
vacuum, they have excitations at arbitrarily high energies. In pure de Sitter space, they
make up a family of de Sitter-invariant states |α〉, where α is a complex parameter indexing
the state; (thus they are often called the “α-vacua”). These states appear to result in an
α-dependent correction to the standard formulae for CMB anisotropies. The effect is of
order H/M , where M is the scale of new physics, which is larger than the H2/M2 effects
discussed in [6,3].
The states |α〉 have also made an appearance in work on the conjectured correspon-
dence between euclidean conformal field theory and quantum gravity in de Sitter space
[21]. Changing α is conjectured to correspond to a marginal deformation of the dual CFT.
This makes them doubly interesting.
Motivated primarily by the possible utility of these states as inflationary initial con-
ditions, we would like to examine them more closely. We will find that these states, while
perhaps consistent with an absolutely free field in a fixed background de Sitter space, are
inconsistent in inflationary cosmology, and indeed are problematic even in exact de Sitter
space once gravitational backreaction is included.
With some optimism about the future sensitivity of CMB experiments, especially
polarization data, [6] estimated that the deviations from standard predictions would be
3 Of course the inflationary universe is not quite de Sitter space, as the Hubble constant is
changing, but so long as the “slow roll” approximation applies, dynamics at length scales on the
order of or above the several times the Hubble scale can be approximated as occurring in de Sitter
space.
4 [14,13] also find that the correction due to the α state will be sinusoidal in the Hubble
parameter, and so in observed wavenumber at the end of inflation. This would be a striking
signature.
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observable if the correction – be it (H/M) or (H/M)2 – is of order 10−1. Since the difference
between scales M detected in each case is then a factor of a few, this difference may seem
academic. But future gravitational wave detectors may be more sensitive, because they
are not limited by cosmic variance constraints. However, uncertainties in the backgrounds
make their ultimate sensitivity hard to predict (see [22,23,24]). If these measurements were
sensitive at the 10−4 level, the difference in scales probed by H/M effects versus H2/M2
would be quite substantial. So it is experimentally, as well as theoretically, important to
resolve this issue.
1.1. Summary
Before continuing, we would like to provide a summary of our basic arguments. The
usual attitude amongst inflationary theorists is that any deviation from the thermal vac-
uum relaxes to the thermal vacuum within a few e-foldings of inflation. But in the states
|α〉, the deviations from the thermal vacuum do not inflate away, because these devia-
tions extend to arbitrarily short distances. As a direct consequence, the quantum energy-
momentum tensor 〈α|Tµν |α〉 diverges.
Of course, the computation of 〈Tµν〉 diverges even in the thermal vacuum, for the same
reason, and with the same coefficient, as in Minkowski space. A consistent regulator in the
thermal vacuum is therefore also a consistent regulator in flat space; the short-distance
properties of Green functions are the same. However, 〈α|Tµν |α〉 diverges with a coefficient
that is α-dependent, as the short-distance behavior of Green functions computed with |α〉
differs from those in flat space.
We can choose an (α-dependent) regulator, such that 〈α|Tµν |α〉 is finite, but then the
energy-momentum tensor will diverge in Minkowski space, and in the thermal vacuum of
de Sitter. Of course, the universe today may be approximately de Sitter, and a priori
could therefore still be in an α state. However, we will show that values of α which
cause interesting effects on the CMB spectrum produced during inflation would produce
enormously unphysical effects on physics in the world today.
a clear sign that the states |α〉 are fundamentally sick is the response of an inertial
detector coupled linearly to a field in the α state [25,21]. The detector will equilibrate
to a non-thermal spectrum containing infinite energy excitations, which are unsuppressed
by any Boltzman factor. This is incompatible with the “causal patch” description of de
Sitter space. In such coordinates, physics close to the horizon is best described by a
temperature T = Mp “stretched horizon”, where gravitational couplings are order one
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[26]. The stretched horizon acts as a universal thermalizer. The system is a finite energy,
closed, thermal cavity, which will always equilibrate and thermalize its contents, with the
thermalization time scale set in this case by the time it takes an excitation to fall away
from the center of the patch and reach the stretched horizon. The non-thermal α state can
either equilibrate with the walls (resulting in a thermal vacuum), or is simply inconsistent
due to back-reaction from the infinite energy. The same class of arguments also show that
black hole radiation must be thermal, despite the apparent appearance of transplanckian
modes near the horizon. The thermal nature of black hole radiation is well-tested in string
theory, and is particularly manifest in studies of the AdS black hole.
This leaves the thermal vacuum, and finite energy excitations above it, as the only
consistent choice for the initial quantum state of an interacting field theory in an inflating
universe. Since excitations inflate away and thermalize, the vacuum is the most generic
choice. Nonetheless, rather than considering the exact α state, one can consider an excited
state above the thermal vacuum, for example one which is identical to the α state up to
some high scale E, and is then populated thermally at higher scales. This state will have
a very large energy if E is large, and hence will back-react and invalidate the model. Even
if this difficulty is ignored, or the scale is low enough that it is not a problem, the energy
E will exponentially decrease with time, leading rapidly to a near exact thermal state.
Therefore, in order to produce interesting effects on the CMB spectrum, this initial state
would have to be fine-tuned to be important for precisely the 10 e-foldings visible in the
fluctuation spectrum.
The last possibility is to simply cut off the quantum contributions to 〈Tµν〉α above a
fixed, physical scale M . This is the attitude taken in [4], where M is taken to be the mass
scale where new, unknown physics becomes important. Of course, any excitations below
the scale M will inflate away within order lnM/H e-foldings, in the same manner and for
the same reason more conventional perturbations of the inflationary initial conditions do.
Therefore, in order to produce effects that last longer than a few initial e-foldings, one has
to postulate that the new physics at scale M “pumps” in new modes in an α configuration
for all times during inflation. As these modes are produced at M and inflate away, more
must be created to prevent the effect from disappearing. It is possible to choose M and
α such that the extra energy density in the modes below the scale M is small compared
to the curvature during inflation. However, this “pump” must shut itself off at the end
of inflation, as otherwise the extra energy would dominate the post-inflation universe.
This appears to be both fine-tuned and a violation of standard Wilsonian decoupling.
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Furthermore, the physics above M can not be simply ignored - in particular, conservation
of energy implies that the modes must be produced out of some energy reservoir, which
should gravitate strongly in much the same way as the original α state did. Finally, our
understanding of string- and M-theory, incomplete as it may be, provides no hint of any
such behavior; on the contrary, the stretched horizon (which provides a cut-off much like
this) is explicitly thermal.
1.2. Outline
The remainder of this paper is as follows. In section 2 we will discuss the states
|α〉 in eternal de Sitter space. In the beginning of Section 2 we will discuss these states
in FRW-type coordinates, and argue that any consistent regularization will cause the
differences between |α〉 and the thermal vacuum to inflate away. Section 2.2 will discuss
the complementary picture of this argument in the static patch, and argue that the state
|α〉 corresponds to a non-thermal state which rapidly thermalizes. In section 3 we will
apply these observations to an inflationary universe. We then conclude, and discuss some
details of the thermal character of the α states in the appendix.
1.3. Notes on previous work
The fact that the α states are totally unsuited for use as initial conditions for inflation
has been noted at least as far back as [19], in which the author mentions that the thermal
vacuum is the correct choice for a realistic inflation model, for essentially the same reasons
we are explaining here. Indeed, many of the arguments we present here, including the
analogy between inflationary fluctuations and Hawking radiation, informed the general
consensus within the inflation community that the thermal vacuum is the correct one.5
After this work was completed, we received [27] and [28] which argue that interacting
field theory in the α state is not well defined, due to the appearance of non-local divergences
at one loop. In addition, [28] reached conclusions identical to ours on the thermal character
of the α states. In another related work [29], the authors concluded that the states |α〉
lead to infinitely large backreaction. The authors then go on to consider a non-de Sitter-
invariant state which leads to corrections to the CMB spectrum at order H/M . We discuss
such states in §2, which arise when one throws away modes of |α〉 above some frequency.
As we point out there, states which do not lead to unacceptable backreaction inflate away
5 We would like to thank A. Albrecht and S.-H. Tye for discussions on this point.
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within a few e-foldings. In order to produce a sufficiently flat and homogeneous universe,
inflation needs to have lasted for at least 65 e-foldings. Therefore, the state considered in
[29] would involve energies at least up to e65M , where M is some high scale. Such states,
if regulated in a way consistent with either the thermal vacuum or any α state, would
produce an enormous backreaction which would invalidate the model. Even if a non-de
Sitter invariant regulator could be found that would remove this divergence, in sec. 3 we
point out that a fine tuning is required for these states to affect CMBR measurements.
Unless the UV scale considered in [29] is tuned precisely to a time corresponding to the
observable part of inflation, there will be no effect on the spectrum.
2. The states |α〉 in de Sitter space
In this section we will argue that the states |α〉 are not consistent in a field theory
interacting with gravity in de Sitter space. It is useful to study this issue from several
points of view.
The principle of equivalence states that physics is invariant under the choice of co-
ordinate system. Nonetheless, the description may be very different. We have become
used to this fact in studies of black holes. From the standpoint of an observer at fixed
distance outside a black hole, an infalling object is blueshifted as it approaches the hori-
zon and eventually reaches Planckian energies. A “stretched horizon” [26] can be defined
as the place at which modes which asymptotically have energies equal to the Hawking
temperature are blueshifted to the Planck scale. This stretched horizon can be treated
as a thermal membrane, and an infalling observer reaching it will rapidly thermalize via
gravitational and other interactions. On the other hand, infalling obsevers will fall through
the horizon and not need Planckian physics to describe this experience. That these two
pictures are equivalent is demanded by general covariance, and is the statement of black
hole complementarity [26].
Similar points of view exist in de Sitter space. Note first that the causal structure –
the Penrose diagram – is the same as that of the AdS-Schwarzchild black hole, a fact noted
by many physicists. There are static coordinates which cover the single “causal diamond”
that an inertial observer can access in experiments; these are analogous to Schwarzchild
coordinates in a black hole background. Physics near the horizon can be described by a
thermal “stretched horizon” just as it is for the black hole. There are also coordinates
describing all parts of de Sitter space which can be influenced by an inertial observer;
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